Nuclear membrane rupture during interphase occurs in a variety of cell contexts, both healthy and pathological. In the primary nucleus, membrane ruptures are rapidly repaired but the mechanisms are still unclear. Here we show that BAF, a nuclear envelope protein that shapes chromatin and recruits additional NE proteins in mitosis, also facilitates nuclear membrane repair in interphase, in part through recruitment of the nuclear membrane proteins emerin and LEMD2 to rupture sites. Using a cancer cell line depleted of lamin B1 to drive membrane rupture, we confirmed that GFP-BAF accumulates at rupture sites and found that BAF depletion increased the duration of nucleus integrity loss after rupture, with the largest effects being on longer ruptures. This phenotype could be rescued by WT BAF, but not by a mutant lacking the LEM-protein binding domain. Depletion of LEMD2 or emerin, but not lamin A/C, was sufficient to significantly increase the proportion of long ruptures, consistent with LEM-protein binding being a key function of BAF during membrane repair. Overall our results suggest a membrane repair model where BAF facilitates the repair of large membrane ruptures, in part by recruiting transmembrane nuclear envelope proteins, but where small ruptures are repaired by a BAF-independent mechanism.
Introduction
The nuclear envelope (NE) is a dynamic protein and membrane compartment that can lose and regain compartmentalization during interphase. Interphase nuclear membrane rupture generally occurs when mechanical stress causes chromatin or nucleoplasm to herniate through gaps in the nuclear lamina, the intermediate filament meshwork that provides mechanical support to the membrane. Tension on the membrane, which is no longer supported by the nuclear lamina meshwork, then leads to membrane rupture (Houthaeve et al., 2018) . In cells with an intact nuclear lamina, membrane rupture occurs in response to large stresses, such as migration through small pores in dense extra-cellular matrix or confinement between glass coverslips (Denais et al., 2016; Raab et al., 2016; Halfmann et al., 2019) . However, in cells where the nuclear lamina has been disrupted by lamina protein depletion or introduction of disease-associated mutations in the gene encoding lamins A and C, membrane rupture occurs in response to smaller forces, such as nuclear migration in vivo or growth on tissue culture plastic (De Vos et al., 2011; Vargas et al., 2012; Tamiello et al., 2013; Hatch and Hetzer, 2016; Penfield et al., 2018; Earle et al., 2019) .
Several model systems have been developed to investigate the consequence of nuclear membrane rupture. Membrane ruptures from confined migration or mechanical disruption, such as laser wounding, tend to be large and last longer than ruptures induced by lamina disruption and growth on stiff surfaces (De Vos et al., 2011; Vargas et al., 2012; Tamiello et al., 2013; Denais et al., 2016; Raab et al., 2016; Penfield et al., 2018; Halfmann et al., 2019) . In both cases, nuclear membrane ruptures are repaired and generally non-lethal (De Vos et al., 2011; Vargas et al., 2012; Denais et al., 2016; Raab et al., 2016) . However, recent studies suggest that loss of nuclear compartmentalization can alter transcription (De Vos et al., 2011) , cause mislocalization of large organelles (De Vos et al., 2011; Vargas et al., 2012; Houben et al., 2013) , and cause DNA damage (Maciejowski et al., 2015; Denais et al., 2016; Raab et al., 2016; Irianto et al., 2017; Takaki et al., 2017; Pfeifer et al., 2018; Stephens et al., 2019) . Based on these data, nuclear membrane rupture is now being evaluated as a major mechanism of genome instability and cell death in lamin-associated diseases and cancer (Isermann and Lammerding, 2017; Houthaeve et al., 2018) .
Efficient repair of the nuclear membrane is likely critical for cell viability after rupture and current research suggests that this mechanism uses many of the same proteins as NE assembly at the end of mitosis.
Several proteins that accumulate on the chromatin during NE assembly (reviewed in (LaJoie and Ullman, 2017) ) also accumulate on exposed chromatin at membrane rupture sites, including BAF (barrier to autointegration factor), lamin A, LEM-domain nuclear transmembrane proteins (NETs), and the ESCRT-III membrane remodeling complex (Denais et al., 2016; Raab et al., 2016; Penfield et al., 2018; Halfmann et al., 2019) . During NE assembly, BAF cross-links the chromatin mass to promote formation of a single nucleus (Samwer et al., 2017) and recruits lamin A and LEM domain NETs (Haraguchi et al., 2001; Margalit et al., 2005; Haraguchi et al., 2008; Appen et al., 2019) , which bring ER membrane to the decondensing chromatin.
BAF has been shown to be required for membrane repair during ruptures induced by cell migration through small pores and laser wounding, and this function is specific to its ability to recruit new membranes through accumulation of NET proteins (Halfmann et al., 2019) . During NE assembly, BAF also promotes membrane resealing through recruitment of LEMD2, which binds the ESCRT-III protein Chmp7 (Webster et al., 2014; Olmos et al., 2016; Gu et al., 2017; Appen et al., 2019) . Loss of ESCRT-III delays membrane repair in some systems, but not others (Denais et al., 2016; Raab et al., 2016; Halfmann et al., 2019; Penfield et al., 2019) .
Thus, a current model of membrane repair is that, like NE assembly, nucleus recompartmentalization requires recruitment of ER membranes, via interactions between LEM-domain proteins with chromatin-bound BAF, and that ESCRT-III facilitates resealing in specific conditions. However, this model of nuclear membrane repair has been developed through analysis of large rupture events, either after forced cell migration through very small pores or laser wounding of the nucleus surface (Denais et al., 2016; Raab et al., 2016; Halfmann et al., 2019) . It remains unclear whether this NE assemblylike mechanism is required to repair all membrane ruptures, specifically smaller ruptures that occur under less force and may be more relevant to laminopathy phenotypes (De Vos et al., 2011; Earle et al., 2019; Zhang et al., 2019) . In addition, these data strongly suggest the existence of two pathways of membrane repair, one that requires ESCRT-III activity and one that does not, and it is unclear how distinct these two pathways are and under what conditions each one is normally used.
To address these questions and define the mechanism of membrane repair in a broader context, we turned to a nuclear membrane rupture system based on depletion of lamin B1 in U2OS cells. Our previous work in these cells suggested that lamin B1 depletion reduces the amount of force required for rupture by increasing the size and frequency of gaps in the nuclear lamina and results in multiple spontaneous ruptures covering a range of sizes in individual nuclei (Hatch and Hetzer, 2016) . Unlike lamin A (Denais et al., 2016; Raab et al., 2016; Halfmann et al., 2019) , the B-type lamins do not accumulate at membrane rupture sites (Denais et al., 2016) , making this cell line ideal for membrane repair studies.
In a preliminary analysis of nuclear lamina protein recruitment to membrane rupture sites, BAF showed a striking and reliable accumulation at rupture sites. To follow up on this observation, we characterized BAF recruitment and kinetics at rupture sites and its function in membrane repair. Our data indicate that BAF marks ruptures of all sizes and that its release from chromatin is partially dependent on membrane repair. We also found that BAF is not required for membrane repair after rupture but does reduce the number and duration of very long ruptures. This function requires the LEM-domain binding motif in BAF, consistent with previous results (Halfmann et al., 2019) , and depletion of the NETs emerin or LEMD2 partially phenocopies BAF depletion. Unexpectedly, we found that BAF depletion did not affect all ruptures equally. Very short, small ruptures repaired with similar efficiency in the presence or absence of BAF, and, even more surprisingly, repaired slightly faster when LEM protein recruitment was inhibited. Thus, our data strongly suggest that there are two membrane repair pathways, one of which is BAF-dependent and one of which is impaired by BAFdependent LEM protein recruitment, that are used to repair small versus large membrane ruptures.
Results and Discussion
To characterize BAF kinetics from a range of membrane rupture sizes, we stably expressed GFP-BAF, 2xRFP-NLS (NLS = nuclear localization signal) and shRNAs against lamin B1 (shLmnB1) in U2OS cells.
Depletion of lamin B1 was confirmed by western blot and immunofluorescence and caused an increase the number and size of nuclear lamina gaps, as expected ( Figure S1 , A and B). 2xRFP-NLS (RFP-NLS) localizes to the nucleus when the membrane is intact. When the membrane ruptures, RFP-NLS becomes visible in the cytoplasm and its intensity in the nucleus decreases. The site where cytoplasmic RFP-NLS first appears marks the site of nuclear membrane rupture and the degree of RFP-NLS loss defines the extent of the rupture, which is indicative of the size of the membrane gap (Denais et al., 2016; Raab et al., 2016; Deviri et al., 2019; Zhang et al., 2019) . During rupture, RFP-NLS is continually diffusing out of the membrane gap and being reimported by nuclear pores around the rest of the membrane. As nucleus integrity is restored, the rate of diffusion decreases and RFP-NLS intensity in the nucleus (RFP-NLSNuc) begins to increase. When the membrane is completely sealed, any remaining RFP-NLS in the cytoplasm is reimported and the nuclear intensity returns to pre-rupture levels. RFP-NLS intensity during recovery is best fit to a sigmoid curve, the same as what is observed during NE assembly as nuclear import starts prior to membrane resealing (Anderson and Hetzer, 2008; Vargas et al., 2012) .
To determine GFP-BAF kinetics during rupture and repair, we first arrested U2OS RFP-NLS shLmnB1 GFP-BAF cells for 24 hr to block mitosis and increase the frequency of membrane rupture (Hatch and Hetzer, 2016) , then imaged cells either every 30 sec for 4 hr or every 3 min for 24 hr by live-cell imaging. Using RFP-NLS to mark the time and site of membrane rupture, we found that GFP-BAF was rapidly (within 30 sec) recruited to membrane rupture sites, followed by a gradual decrease in GFP-BAF intensity until a plateau was reached ( Figure 1 , A-C; Movie S1-2). This plateau was frequently higher than the GFP-BAF intensity in the surrounding NE (50/58 ruptures; Figure1, D and E, Movie S3), marking the site of membrane rupture for as long as 22 hrs after RFP-NLS nuclear reaccumulation. We observed distinct GFP-BAF foci for every rupture, even when multiple ruptures clustered either spatially or temporally ( Figure S1 , C and D, Movie S5-6).
Although a clear decrease in RFP-NLSNuc was not always visible in the intensity traces (e.g. Figure S1D , Movie S3), each accumulation of GFP-BAF was accompanied by the appearance of RFP-NLS in the cytoplasm ( Figure S1D , Movie S3). In addition, within an individual cell, the amount of GFP-BAF recruited during the rupture correlated with the extent of RFP-NLS mislocalization to the cytoplasm ( Figure 1B ). Previous studies demonstrated that BAF is temporarily recruited to rupture sites (Denais et al., 2016; Liu et al., 2018; Halfmann et al., 2019) . Our data are consistent with this observation, and in addition we find that GFP-BAF is a sensitive and accurate marker of both the occurrence and size of interphase nuclear membrane rupture events that can mark the site of cytoplasmic-exposed chromatin for many hours after membrane repair.
We next asked whether GFP-BAF removal required re-establishment of membrane integrity. First we determined the timing of GFP-BAF loss from rupture sites by averaging RFP-NLSNuc and GFP-BAF intensity measurements of ruptures of similar durations (time from the first decrease in RFP-NLSNuc intensity), and comparing when GFP-BAF began to decrease after rupture to when RFP-NLSNuc began to increase. We found that the majority of membrane rupture sites lost GFP-BAF fluorescence prior to the start of RFP-NLS reaccumulation ( Figure 1C , arrows). This difference was even more evident for longer ruptures (Figure S1E , arrows). This suggested that GFP-BAF removal did not require the initiation of membrane repair. We next examined GFP-BAF recruitment to ruptured micronuclei to determine whether membrane repair has an effect on the extent or rate of GFP-BAF loss. Micronuclei (MN) form in human cells when chromosomes missegregate during mitosis and recruit their own nuclear envelope. In contrast to the primary nucleus, nuclear membrane ruptures in MN are rarely able to repair (Hatch et al., 2013) . Analysis of live-cell imaging of micronucleated cells, generated by addition of the spindle checkpoint inhibitor, reversine (Santaguida et al., 2010) , showed that GFP-BAF accumulated on ruptured MN concurrently with the disappearance of RFP-NLS, and remained accumulated on the exposed chromatin until the end of imaging or mitosis ( Figure S1F , Movie S1, S4) (Liu et al., 2018) . In addition, GFP-BAF frequently accumulated at a single focus on the MN and then spread throughout the chromatin ( Figure 1G , 53/56 MN). Analysis of the average rate and extent of GFP-BAF intensity loss on MN showed that GFP-BAF loss from MN was significantly slower than loss from primary nucleus rupture sites and plateaued at a higher intensity ( Figure 1G , Movie S1). Together these data suggest that BAF removal from rupture sites begins prior to nuclear recompartmentalization but is responsive to membrane repair.
Based on BAF's recruitment to membrane rupture sites and its multiple functions in restoring nuclear membrane integrity during mitotic exit (Jamin and Wiebe, 2015) , we examined the function of BAF in nuclear membrane rupture and repair. U2OS shLmnB1 RFP-NLS cells were transfected with siRNAs against BAF (siBAF) or a control siRNA (siControl) for 24 hr, then arrested for an additional 24 hr with hydroxyurea, before live-cell images were taken every 3 min for 24 hr. BAF protein levels were significantly reduced 48 hr after siRNA transfection ( Figure 2A ) and this early time point avoided mitotic phenotypes associated with BAF depletion, including extensive mislocalization of lamin A/C and emerin from the NE and lobulated nuclei or multinucleation (Haraguchi et al., 2008; Samwer et al., 2017) ( Figure S2 , A and B). We first analyzed the frequency of nuclear membrane rupture in cells depleted of BAF versus control. We found that there was no difference in the proportion of nuclei that underwent at least 1 rupture event or in the number of ruptures per cell ( Figure S2 , C and D), indicating that BAF does not contribute to rupture frequency.
We next analyzed how many nuclei were able to fully recompartmentalize after rupture, defined as the absence of RFP-NLS in the cytoplasm. Unexpectedly, we found that 97% (99/102) of siControl cells and 98% (84/86) of siBAF cells fully recovered RFP-NLSNuc after each rupture. In contrast to what was previously observed (Halfmann et al., 2019) , these data strongly suggest that BAF is not required for membrane repair or cell viability during long membrane ruptures. We then quantified the duration of nuclear integrity loss during rupture events (defined by cytoplasmic RFP-NLS, see methods, Figure 2B ) in BAF-depleted cells. We found that BAF depletion significantly increased the duration of nuclear integrity loss compared to control cells ( Figure 2C , Movie S1 and S7-8). This phenotype was specific to BAF, as expression of GFP-BAF in cells transfected with siBAF restored the median duration of nuclear integrity loss to control levels ( Figure S2 , G and H), and did not depend on knockdown of LmnB1 ( Figure S2 , E and F). These data strongly suggest that at least two membrane repair pathways exist, one of which functions independently of BAF. This result also implies that there are different types of ruptures whose physical properties or cellular context require different repair mechanisms to efficiently restore compartmentalization.
To determine whether all ruptures are equally affected by BAF depletion, we compared the proportion of ruptures at each duration of nuclear integrity loss between BAF depleted cells and control cells. To facilitate analysis, we binned "very long" ruptures, defined as nuclear integrity loss greater than or equal to 30 min (top 5% of control ruptures) together. As expected, we found that the proportion of very long ruptures was highly elevated in siBAF cells. However, very short ruptures (nuclear integrity loss = 3 min or less) were only modestly affected ( Figure 2D ). These very short ruptures frequently occurred in the same nuclei as very long ruptures ( Figure S2I ), indicating that this result cannot be explained by transfection efficiency. In addition, this result is unlikely to be due to sub-3 min ruptures becoming newly visible in our live-cell imaging assay after BAF depletion. Analysis of nuclear integrity loss using a 30 sec pass time instead of 3 min showed that only 7% of ruptures reaccumulated RFP-NLS in under 3 min (5/69) and that the median duration of integrity loss for these ruptures was 2 min. Therefore, a 3 min pass time would miss, on average, only 1% of ruptures, which would still result in a significant persistence of very short ruptures after BAF depletion. Thus, we infer that very short membrane ruptures are repaired with similar efficiency in the presence and absence of BAF whereas, without BAF, membrane repair is significantly delayed in ruptures lasting longer than a few minutes. Together these data strongly suggest that different mechanisms are required to repair ruptures of different sizes.
To determine whether the delay in RFP-NLS recovery after BAF depletion is due to defects in initiating membrane repair, defects in membrane sealing, or a defect in nuclear import during repair we analyzed the timing and kinetics of RFP-NLSNuc recovery during very long ruptures in siBAF and siControl transfected cells.
We reasoned that if initiation of membrane repair was defective in very long ruptures, the duration of rupture (time that RFP-NLSNuc = intensity minimum) would lengthen, whereas if membrane resealing or nuclear import were defective, the duration of recovery (time between RFP-NLSNuc minimum and the recovery plateau ( Figure   2E )) would lengthen. Almost all RFP-NLSNuc intensity traces during recovery of very long ruptures were best fit by a sigmoidal curve (8/9), indicating that we can visualize the initial stages of recompartmentalization in our assay. First, we assessed whether BAF depletion affected the efficiency of membrane resealing or nuclear import by comparing RFP-NLSNuc recovery durations in siBAF versus siControl cells. We found that BAF depletion did not affect the duration of RFP-NLSNuc recovery during very long ruptures (Figure 2, E and F) . As expected, the duration of RFP-NLS recovery correlates with the duration of nucleus integrity loss for shorter ruptures, which show a strong correlation between rupture duration and extent of RFP-NLSNuc loss (compare Figure 1C to Figure S1E ), and (Robijns et al., 2016) ), and plateaus for ruptures that lose nucleus integrity for over 30 min, which show a maximum 70% loss of initial RFP-NLSNuc intensity ( Figure 2E ). Next we asked whether increased duration of rupture was sufficient to explain longer losses of nucleus integrity in both control and BAF depleted cells by comparing the duration of rupture in the combined population to the duration of nuclear integrity loss. In contrast to recovery duration, we found that rupture duration strongly correlated with nuclear integrity loss duration (Figure 2 , E and F) at all time points. These data indicate that loss of BAF delays the initiation of recompartmentalization during ruptures lasting longer than a few minutes and validate that using the length of nuclear integrity loss is a robust proxy for rupture duration in these cells.
We also frequently observed RFP-NLSNuc recovering to higher mean intensity than pre-rupture values accompanied by a decrease in nucleus volume ( Figure S2J ), consistent with chromatin compaction during very long ruptures (Robijns et al., 2016) . This phenotype was observed in both siControl and siBAF cells ( Figure   2E ), suggesting that BAF DNA-cross-linking is not driving compaction of chromatin during membrane rupture (Hatch et al., 2013; Robijns et al., 2016) .
To determine whether the ability of BAF to bind LEM-domain NETs facilitates membrane repair of longer ruptures, we asked whether a mutation that blocks the LEM-domain binding site in BAF (L58R (Samwer et al., 2017) ) can rescue BAF depletion. L58R-GFP-BAF-was stably expressed in U2OS RFP-NLS shLmnB1 cells ( Figure 3A) , and as expected (Samwer et al., 2017) , showed decreased recruitment to the NE in interphase ( Figure 3B ) yet accumulated as frequently as WT-GFP-BAF at membrane rupture sites, even in the absence of endogenous BAF (Figure 3C , Movie S9-10). The duration of nucleus integrity loss was analyzed in this cell line by live-cell imaging after siBAF transfection and compared to cell lines stably expressing either GFP alone or WT-GFP-BAF that were similarly depleted. We found that GFP-BAF-L58R expression decreased the median duration of nuclear integrity loss compared to GFP alone ( Figure 3D ), but did not reproducibly decrease the proportion of very long ruptures ( Figure 3E ), suggesting that loss of the LEM-binding region of BAF significantly impairs its ability to restore nucleus integrity in longer ruptures.
BAF interacts with several proteins that accumulate at rupture sites, including lamin A/C, emerin, and LEMD2 (Denais et al., 2016; Halfmann et al., 2019) . To determine which BAF binding partner(s) contributes to efficient membrane repair, we first asked which proteins required BAF to accumulate at sites of membrane rupture. Using immunofluorescence and either the presence of cytoplasmic RFP-NLS or a nuclear cGAS focus (Denais et al., 2016; Raab et al., 2016) to identify ruptured nuclei, we assessed whether emerin, lamin A/C, or LEMD2 localized to membrane rupture sites after BAF depletion. Confirming previous results (Halfmann et al., 2019) , we found that these proteins consistently localized to rupture sites in control cells but were absent when BAF was depleted ( Figure 4A ). To determine whether protein recruitment could be delayed rather than lost, we then imaged U2OS cells stably expressing shLmnB1, 3xGFP-NLS, and mCherry-LmnA by live-cell imaging and analyzed the proportion of ruptures that recruited mCherry-LmnA in cells transfected with siControl or siBAF. mCherry-LmnA accumulated at the site of each rupture, regardless of rupture size, in 100% of cells treated with siControl (27/27), but in only 6% of cells treated with siBAF (2/34, Figure S3A , Movie S11-12).
Together these data indicate that BAF is required to recruit both LEM-domain NETs and lamin A to the sites of membrane ruptures.
To determine whether depletion of emerin, lamin A/C, or LEMD2 phenocopied the extended duration of nucleus integrity loss observed after BAF depletion. U2OS RFP-NLS shLmnB1 cells were transfected with siRNAs against each protein individually and the duration of nucleus integrity loss was analyzed by live-cell imaging 48 hr after siRNA transfection and 24 hr after hydroxyurea arrest. siRNA transfection was sufficient to deplete the targeted proteins to at least 30% of control levels by western blot (Figure S3B ) and the majority of cells showed little to no protein expression by immunofluorescence ( Figure S3 , C-E). Depletion of each protein caused a statistically significant increase in the median duration of nucleus integrity loss, but only depletion of emerin or LEMD2 partially phenocopied the increased proportion of very long ruptures observed after BAF depletion ( Figure 4C , Movie S13-15). Lamin A/C depletion caused a modest, but statistically significant, increase in the proportion of very long ruptures ( Figure S3F ) that likely reflects an overall increase in rupture size (Denais et al., 2016; Zhang et al., 2019) . Similar to BAF depletion, loss of emerin and LEMD2 did not cause a decrease in the proportion of very short ruptures; in fact LEMD2 depletion caused a consistent increase in this population ( Figure 4C ).Thus, our results suggest that recruitment of emerin and LEMD2 by BAF to sites of membrane rupture is required for efficient repair of longer ruptures.
Our results confirm that focal BAF accumulation on the nuclear envelope is an accurate and sensitive marker of nuclear membrane rupture (Denais et al., 2016; Liu et al., 2018; Halfmann et al., 2019) . We find that the amount of GFP-BAF recruited to the exposed chromatin correlates with the severity of the rupture, as seen previously (Denais et al., 2016) , and likely the size of the membrane hole (Zhang et al., 2019) , and that GFP-BAF remodeling occurs prior to membrane repair, but is accelerated by it. Our data are consistent with work in other systems that suggest that non-phosphorylated BAF is recruited to exposed chromatin from the cytoplasm and then released following inhibitory phosphorylation by nuclear kinases (Halfmann et al., 2019) . In our model, membrane recruitment could accelerate GFP-BAF removal by either passively increasing kinase concentration by nucleus resealing or actively targeting regulatory proteins to BAF-associated chromatin, similar to the correlation between membrane spreading and BAF release from chromatin during mitotic exit (Samwer et al., 2017) . An alternative or additional hypothesis is that BAF remodeling at rupture sites reflects the membrane remodeling activity of the ESCRT-III complex, which drives LEMD2 spreading over the chromatin after micronucleus rupture (Vietri et al., 2019) , similar to what we observe for BAF ( Figure 1F ). We observed that large BAF foci are frequently unable to disassemble completely after nuclear integrity is restored, and consistent with previous observations of lamin A (Denais et al., 2016) , we find these ruptureinduced BAF "scars" are refractory to re-rupture. Since these scars are frequently adjacent to sites of rerupture, it remains to be seen whether these stabilized membrane areas increase the overall stability of the membrane by reforming the nuclear lamina at rupture sites or cause local destabilization of the membrane.
Our data suggest a model of membrane repair where BAF is central to one of at least two mechanisms that can re-compartmentalize the nucleus after membrane rupture and where BAF functions specifically at large ruptures to increase the recruitment of transmembrane nuclear envelope proteins (NETs) to the site of exposed chromatin. In contrast to previous results (Halfmann et al., 2019) , we find that BAF is not required for nuclear membrane repair and that depletion of the LEM-domain proteins emerin or LEMD2, both of which require BAF to localize to rupture sites ( Figure 4A, (Halfmann et al., 2019) ), is sufficient to significantly delay repair of larger ruptures (Figure 4 , B and C, Movie S14). Our observation that BAF depletion does not eliminate very short ruptures (3 min or less) suggests that different types of ruptures have different requirements for recompartmentalization. One potentially significant difference between very short ruptures and longer ones is the size of the membrane gap. Smaller ruptures are associated with smaller membrane holes (Denais et al., 2016; Zhang et al., 2019) , and repair faster in our assays (Figure 1) . The physical size of these holes could necessitate different mechanisms of membrane repair or correlate with different mechanisms of membrane instability, such as local detachment from an intact lamina versus expansion at the site of chromatin herniation through a lamina gap (Deviri et al., 2019) . Alternatively, the BAF-independent repair mechanism could be the same as the BAF dependent one, just slower due to a reliance on the ability of NETs to bind DNA and chromatin directly (Barton et al., 2015) . Together, our findings provide a new model that can be used as an entry point to identify additional mechanisms of interphase nuclear membrane repair.
An unexpected result from our data was the increase in the proportion of very short ruptures in LEMD2 depletion experiments. One possibility is that over-recruitment of LEMD2, or other NETs, could inhibit nuclear recompartmentalization through overactivation of ESCRT-III or excessive membrane recruitment. These conditions are both correlated with either the loss of nuclear membrane integrity or the prevention of membrane sealing after cell division or rupture (Appen et al., 2019; Penfield et al., 2019; Thaller et al., 2019; Vietri et al., 2019) . Thus, the release of BAF from exposed chromatin during nuclear membrane rupture may be as critical as its recruitment to maintaining nucleus integrity.
NET accumulation in response to BAF localization could promote repair of large membrane gaps in two ways. First, BAF-dependent accumulation of LEMD2 could recruit ESCRT-III and remodel the membrane, and second, BAF could increase membrane recruitment to rupture sites (Halfmann et al., 2019) , which could plug the gap prior to membrane remodeling (Penfield et al., 2019) . Both mechanisms may contribute to membrane repair in our system, but our results favor a model where the main function of BAF is to recruit or stabilize additional membrane at large rupture sites. First, although LEMD2 depletion has a strong repair defect, consistent with ESCRT-III activity increasing repair efficiency (Denais et al., 2016; Raab et al., 2016) , we also find that loss of emerin significantly increases the proportion of very long ruptures, suggesting that the membrane recruitment function of LEMD2 is more critical (Figure 4C ). In support of this, LEMD2 and its binding partner, Chmp7, were recently suggested to have ESCRT-III independent functions in nuclear compartmentalization following mitosis and membrane rupture (Appen et al., 2019; Penfield et al., 2019) .
Second, our data suggest that efficient sealing of small membrane gaps does not require BAF or LEMD2 ( Figures 2D and 4C ). This conflicts with an ESCRT-III dependent membrane repair mechanism since ESCRT-III is generally thought to be effective for fusing only small membrane holes (Gatta and Carlton, 2019) . Finally, kinetic analysis of RFP-NLSNuc recovery in BAF depleted cells (Figure 2, E and F) suggests that increased rupture duration is due to defects in the initial stage of membrane repair rather than the final sealing of small gaps, defects in which result in a slow leak of nuclear proteins (Olmos et al., 2015; Vietri et al., 2015) . Together our data are most consistent with BAF being critical to recruit new membranes to the site of large ruptures to rapidly restore compartmentalization.
MATERIALS AND METHODS
Cell culture U2OS cells were cultured in Dulbecco's modified Eagle medium (DMEM; GIBCO) supplemented with 10% (v/v) fetal bovine serum (FBS; GIBCO), and 1% (v/v) penicillin-streptomycin (Sigma-Aldrich) at 37°C with 10% CO2 in a humidified incubator.
Image analysis
Fixed and live-cell images were adjusted for brightness and contrast and cropped and using ImageJ (Magalhaes et al., 2004) or Photoshop 2019 (Adobe). Images and videos of cells expressing RFP-NLS were adjusted in the red channel by altering the gamma function to increase the visibility of cytoplasmic RFP. Images are single sections unless where noted.
For the fluorescence intensity trace analysis, images of nuclei expressing RFP-NLS and GFP-BAF were first background subtracted using a rolling ball (r = 150 px, sliding parabola), cropped to nucleus of interest, converted to 8-bit, and objects were identified by auto local intensity threshold algorithm (RFP-NLS), optimized to include only nuclear pixels during rupture events, or a single threshold set to exclude nucleus signals (GFP-BAF). Objects were analyzed for mean intensity (RFP-NLS) or integrated density (GFP-BAF) over time. To correct for focal drift, RFP-NLS values were normalized to the mean intensity of all nuclei in the field. Traces were visualized in Prism8 (GraphPad).
For analysis of nucleus integrity loss duration, time-lapse images of RFP-NLS expressing cells were evaluated by hand. Nucleus integrity loss duration were defined as the first frame that RFP-NLS was visible in the cytoplasm through every subsequent frame up to and including the first frame that RFP-NLS was no longer visible in the cytoplasm. Only cells that fit the following criteria were included in this duration analysis: (1) nonlobulated or multi-nucleated nucleus, (2) at least one rupture event occurs, (3) all rupture events are fully repaired, (4) cell is present in frame for at least 75% of imaging, and (5) cells did not undergo apoptosis. Cells were selected at random from multiple fields of view for each experiment. To eliminate bias, either a subset (>25%) or the entire dataset was blinded prior to analysis.
Statistical analysis
All statistical tests were all performed using Prism. Because our data did not have a normal distribution, nucleus integrity duration distributions were compared for significant differences in means or distributions using the Kolmogorov-Smirnov test (violin plot) and correlations were evaluated using Spearman's r statistic. Fisher's exact test was used to evaluate nominal data in the nucleus integrity loss duration histograms and NE rupture frequency on the raw numbers. Statistical analysis on histograms was done by first dividing each population into two groups: the duration under evaluation and all other values (e.g. 3 min versus not 3 min). These values were then tested against the values from other experimental conditions used Fisher's exact test with the null hypothesis that all samples had the same proportions of nucleus integrity durations. P-values were calculated for each replicate and if the p-values were homogenous between replicates, then the raw data was pooled and a final p-value calculated. If p-values were non-homogenous, then the comparison was reported as not "reproducible". Significance was determined if P < 0.05.
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